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We suggest the measurement of Drell-Yan (DY) lepton pairs in p–Pb collisions at the LHC
(
√
s = 5.02 TeV) in order to disentangle the relative contributions of shadowing and coherent energy
loss in quarkonium production off nuclei. The nuclear modification of low mass DY production is
computed at NLO using various sets of nuclear parton densities. It is then observed that shadowing
effects strongly cancel out in the J/ψ over DY suppression ratio RψpA(y)
/
RDYpA (y), unlike the effect
of coherent energy loss. Such a measurement could be performed at forward rapidity by the ALICE
and LHCb collaborations at the LHC.
PACS numbers: 24.85.+p, 13.85.-t, 14.40.Pq, 21.65.-f
Measurements of J/ψ production in p–Pb collisions at
the LHC (
√
s = 5.02 TeV) by ALICE [1, 2] and LHCb [3],
and the observation of a strong attenuation at large ra-
pidity with respect to the p–p data interpolation at the
same collision energy, has triggered an intense debate
on the origin of such a nuclear suppression [4]. Sev-
eral groups have attributed the suppression to the de-
pletion of the gluon distribution in the target nucleus
expected at small x2 . 10−2. Such a depletion, com-
monly named ‘shadowing’, is currently either incorpo-
rated in nuclear parton distribution functions (nPDFs)
obtained from global fits based on DGLAP evolution,
or determined from non-linear QCD evolution within
the saturation formalism (see [5, 6] for topical reviews).
However another fundamental phenomenon, namely co-
herent parton energy loss in cold nuclear matter [7–14],
could explain these data. It is therefore crucial to quan-
tify the relative effects of shadowing and coherent en-
ergy loss. In this Letter, we show that the measure-
ment of Drell-Yan (DY) lepton pairs of relatively low
mass (10 . MDY . 20 GeV) in p–A collisions could be
decisive to reach this goal. As a consequence, this mea-
surement would shed light on the production of hadrons
in p–A collisions, expected to be sensitive to coherent
energy loss [7] on top of possible shadowing effects.
Coherent energy loss and shadowing are two distinct
effects, and should in principle be both taken into ac-
count in nuclear suppression models. However, as dis-
cussed in [8, 10] coherent energy loss alone allows one to
describe J/ψ nuclear suppression observed at large xF at
fixed-target collision energies,
√
s . 40 GeV [15], with
a value of the cold nuclear matter transport coefficient
qˆ0 = 0.07 − 0.09 GeV2/fm. This is consistent with the
fact that shadowing is expected to be small at those en-
ergies. Taking in addition into account the shadowing
given by either EPS09 [16] or DSSZ [17] next-to-leading
order (NLO) nPDF sets these data can be described with
a slightly smaller value of qˆ0, although energy loss re-
mains the dominant effect at fixed-target energies [8].
Extrapolating coherent energy loss to collider energies
leads to a central prediction [8] (with a rather narrow
theoretical uncertainty band [4]) which agrees well with
the J/ψ suppression data measured in d–Au collisions
at RHIC [18, 19] and p–Pb collisions at the LHC [1, 3].
Although experimental uncertainties still leave room for
shadowing in J/ψ suppression at collider energies, the re-
sults of the pure energy loss scenario tend to favor nPDF
sets with a moderate shadowing.
Regarding calculations including only shadowing, a
prediction at NLO within the Color Evaporation Model
(CEM) for quarkonium production using EPS09 NLO is
in reasonable agreement with the data, except in the
most forward bins where the measured suppression is
stronger than predicted [20] (these calculations were up-
dated in [21]). After the data came, a leading-order (LO)
Color Singlet Model (CSM) calculation [22] using EPS09
LO proved to be in apparent agreement with data; how-
ever in this case the theoretical uncertainty associated
with the use of EPS09 LO appears very large. The
only genuine prediction in the saturation formalism [23]
turns out to largely overestimate J/ψ nuclear suppres-
sion. Using the same model but with an improved treat-
ment of the non-linear QCD evolution, a more recent
calculation [24] led to less J/ψ suppression at forward
rapidity, hence to lesser disagreement with experimen-
tal results. Finally, saturation effects have also been in-
vestigated within the Non-Relativistic QCD (NRQCD)
formalism, in which the resulting theoretical uncertainty
band is large and encompasses the data [25]. Clearly, the
large theoretical uncertainties of nPDF and saturation
calculations do not yet allow for a clear interpretation of
the J/ψ measurements at the LHC.
Drell-Yan forward production in p–Pb collisions at the
LHC offers a unique opportunity to clarify this situation.
Shadowing effects on both J/ψ and DY are expected to
be of similar magnitude, since small-x2 gluons and sea an-
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2tiquarks in nuclei – contributing respectively to J/ψ and
DY production at large enough rapidity – have a simi-
lar depletion in most nPDF global fits, RAg ' RAq¯ (with
RAi (x,Q) ≡ fp/Ai (x,Q)/fpi (x,Q), where fp and fp/A are
respectively the PDF in a free proton and in a proton
bound in nucleus A). Consequently, comparing the J/ψ
and DY nuclear modification factor in p–A collisions,
RpA(y) ≡ 1
A
dσpA
dy
/ dσpp
dy
, (1)
for instance through the measurement of the double ratio,
Rψ/DYpA (y) ≡ RψpA(y)
/
RDYpA (y) , (2)
allows for an important “cancellation” of nPDF effects
(and most likely, saturation effects too). Remarkably,
when it comes to coherent energy loss effects, no such
cancellation is expected.
Indeed, coherent energy loss arises from the interfer-
ence between initial and final state gluon radiation and
therefore affects, in p–A collisions, only those partonic
subprocesses with a colorful final state [12]. Coherent
energy loss is thus present in J/ψ production, where the
cc¯ pair is produced either as a color octet or as part of
a compact octet system (like cc¯ + g in the CSM), but
absent in the DY subprocess at leading order, qq¯ → γ?.
At NLO, the virtual photon is produced together with
an additional parton, mainly through qg → qγ? at large
y, making DY production potentially sensitive to coher-
ent energy loss. However, the medium-induced coherent
radiation spectrum associated with qg → qγ? is small
(∝ 1/Nc) and moreover negative [12], leading to a slight
DY enhancement, at variance with J/ψ suppression.
In summary, the qualitative expectations for the J/ψ
over DY suppression at large rapidity are as follows:
nPDF Rψ ' RDY → Rψ/DY ' 1
E. loss Rψ < 1; RDY & 1 → Rψ/DY < 1
This is supported by the quantitative discussion below.
Before moving to the actual results on DY and J/ψ
nuclear suppression, we first illustrate in Fig. 1 the gluon
(top) and u¯-quark (bottom) nPDF ratios (for a lead tar-
get) and their uncertainties, given by the three most
recent NLO nPDF sets from global fits: EPS09 [16],
DSSZ [17], nCTEQ15 [27]. (Results using the earlier
HKN07 set [26] are very similar to those obtained with
the central set of EPS09 and are therefore not reproduced
here.) The choice Q = 3 GeV (resp. Q = 10 GeV) for
the factorization scale in Rg (resp. Ru¯) and the small-x
range, 10−5 < x < 10−2, reflect our proposal to compare
J/ψ to DY pairs of mass above that of the Υ states, in
the rapidity range 0 < y < 5 in p–Pb collisions at the
LHC. The bands are determined from the spread of 30,
50, and 32 uncertainty sets around the central predic-
tion of EPS09, DSSZ and nCTEQ15, respectively. The
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Figure 1: RPbg (x,Q = 3 GeV) (top) and R
Pb
u¯ (x,Q = 10 GeV)
(bottom) for various nPDF sets.
current uncertainty on the small-x gluon shadowing is
striking (Fig. 1, top). Depending on which set is used,
the nPDF ratio at x = 10−5 varies from Rg ' 0.95–1.05
in DSSZ to Rg ' 0.5–0.6 in nCTEQ15. Moreover the un-
certainty bands are rather broad and almost do not over-
lap in the entire x-domain, reflecting the fact that these
should be seen as lower estimates for the theoretical un-
certainty, as discussed in [16, 27]. We also note that for
EPS09 and nCTEQ15, the shadowing of sea antiquarks
is of the same magnitude as that of gluons. Although not
directly apparent in the uncertainty bands of Fig. 1, the
latter statement holds separately for each uncertainty set
of EPS09 and nCTEQ15. As a consequence, the double
ratio Rg/Ru¯ is close to unity, with an uncertainty band
much smaller than that of the single nPDF ratios Rg
and Ru¯. This will translate into rather precise nPDF
predictions for the double ratio Rψ/DY using EPS09 and
3nCTEQ15 sets. In the particular case of DSSZ, gluon
and sea antiquark shadowing do not have similar mag-
nitudes (Rg ' 0.95–1.05 whereas Ru¯ ' 0.7–0.9) and the
uncertainty band for Rψ/DY will remain large but above
unity, hence even further away from the prediction of the
coherent energy loss model.
Let us now discuss shadowing effects on J/ψ suppres-
sion. Unlike DY production, for which perturbative cal-
culations are well established, quarkonium production in
hadronic collisions is not yet fully understood, making
the calculation of absolute production cross sections un-
certain. However, the magnitude of shadowing effects on
the J/ψ nuclear modification factor (1) should be under
better control. Indeed, in most approaches (CEM, CSM,
NRQCD), J/ψ production at the LHC is dominated by
gluon fusion, gg → J/ψ+X. Therefore shadowing effects
should be dictated by the gluon nPDF ratio, RPbg (x2, Q),
quite independently of the production mechanism. The
specific J/ψ production mechanism may nevertheless af-
fect the kinematics of the process and thus the typical
value of x2. However, as can be seen in Fig. 1 (top), R
Pb
g
is extremely flat at small values of x (note the logarith-
mic scale), for all nPDF sets; the uncertainties associated
with the gluon distributions in nuclei exceed by far those
arising from the uncertainty on x2. For the sake of sim-
plicity, we shall thus assume that J/ψ suppression due to
shadowing is given by RψpPb = R
Pb
g (x2, Q = Mψ), where
x2 is given by the LO expression x2 = Mψ e
−y/
√
s. Fig. 2
(top) displays shadowing effects on J/ψ suppression in p–
Pb collisions at the LHC, exhibiting the large uncertainty
at forward rapidity. The predictions for J/ψ suppression
from coherent energy loss alone are also shown in Fig. 2
(top), which illustrates the difficulty to trace the physi-
cal origin of J/ψ suppression seen in the LHC data [35].
Finally, let us remark that the uncertainty band of Fig. 2
(top) obtained for EPS09 is very similar to that found in
[21] (see Fig. 8 therein) using explicit calculations within
the CEM at NLO.
We now come the main point of this Letter, namely,
how the study of the DY nuclear modification factor
can help clarify this situation. In the following, we first
determine the nPDF effects on the DY nuclear modifi-
cation factor defined in (1), and then discuss the dou-
ble ratio (2). Calculations are done at NLO using the
DYNNLO [28, 29] Monte Carlo program. The single dif-
ferential cross section dσ/dy is computed in p–p and p–
Pb collisions, from which RDYpPb(y) is determined. We
use the MSTW NLO [30] proton PDF, and factoriza-
tion and renormalization scales equal to the DY mass
MDY. The p–Pb calculations were carried out using the
NLO nPDF sets already discussed. For completeness, the
DY cross section has also been computed in p–Pb colli-
sions assuming no nPDF corrections (RPbi (x,Q) = 1).
The mass range considered in this calculation, 10.5 <
MDY < 20 GeV, appears as an interesting compromise.
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Figure 2: J/ψ (top) and DY (bottom) suppression in p–Pb
collisions at
√
s = 5.02 TeV for the various nPDF sets used
in this study. The prediction for J/ψ suppression from the
effect of coherent energy loss alone is also shown (top).
On the one hand, MDY should not be too large, both
to guarantee a good cancellation of nPDF effects be-
tween J/ψ and DY suppression, and moreover to en-
sure a reasonable statistics at the LHC. On the other
hand, for MDY < 10.5 GeV the extraction of the DY
signal is extremely delicate, due to the large background
of lepton pairs coming from heavy-flavor hadron decays
(adding to those from quarkonia up to the Υ(3S) of mass
10.35 GeV) [31]. Note that this mass range has also been
considered in saturation studies [32, 33] although no DY
nuclear modification factor was determined.
The DY suppression in p–Pb collisions is shown in
Fig. 2 (bottom) as a function of the lepton pair rapid-
ity. In the most forward bins, 3 . y . 5 (corresponding
to 10−5 . x2 . 10−4 using x2 = MDY e−y/
√
s), the
4similarity with the sea antiquark nPDF ratios shown in
Fig. 1 (bottom) is clear: DY suppression is quite strong
(RpPb ' 0.5–0.6) using nCTEQ15, and less pronounced
using DSSZ or EPS09 (RDYpPb ' 0.7–0.9). Since no coher-
ent energy loss (but a slight energy gain, as mentioned
previously) is expected in DY production, these calcu-
lations already demonstrate the discriminating power of
low-mass DY pair production in p–Pb collisions at the
LHC, allowing for setting tight constraints on antiquark
shadowing at very small x. Such measurement could be
performed by either ALICE or LHCb (as demonstrated
by the early results in p–p collisions [31]), which dimuon
rapidity acceptance extends up to ylab = 4.5 (this cor-
responds to y = ylab − ∆y ' 4, where ∆y ' 0.465 is
the boost of the lab frame with respect to the center-of-
mass frame). Moreover, counting rates are expected to
be large. The p–Pb cross section is dσDYpPb/dy ' 40 nb
in the rapidity bin 3.5 < y < 4. Using an integrated
luminosity of LintpPb = 100 nb−1 at LHC Run 2 (typi-
cally a few times larger than at Run 1), approximately
N3.5<y<4 = 2000 pairs are expected to be produced in
that rapidity bin. This ensures the statistical uncertain-
ties on the ratio RDYpPb to remain under control, at a few
percent level, even at large rapidity. The backward re-
gion (y < 0), where the depletion of DY production in
p–Pb with respect to p–p collisions is due to isospin ef-
fects [36], would also be interesting in itself.
Finally, in the forward rapidity domain the DY nuclear
suppression factor, Fig. 2 (bottom), compared to that of
J/ψ, Fig. 2 (top), can be used to disentangle coherent en-
ergy loss from shadowing effects, taking advantage of the
similarity between gluon and sea antiquark shadowing as
well as of the absence (or smallness) of coherent energy
loss effects in DY production. Shadowing effects on the
double ratio Rψ/DYpA defined in (2) are shown in Fig. 3.
The contrast with the single ratio RψpA is striking. In-
deed, quite independently of the nPDF set, shadowing
leads to a double ratio close to unity at forward rapidity
(and slightly above in DSSZ, Rψ/DYpA ' 1.1–1.3 at y = 4).
Moreover, there is a rather small associated uncertainty,
resulting from using the same nPDF uncertainty set for
both J/ψ and DY production. Assuming no coherent
energy loss in DY production, the predictions of the sole
effect of coherent energy loss on the double ratio are also
shown in Fig. 3, and differ significantly from the calcu-
lations based on shadowing effects only. For the illus-
tration one expects, at y = 4, Rψ/DYpA . 0.6 for coherent
energy loss effects while Rψ/DYpA ' 1–1.3 for nPDF effects.
Comparing Fig. 3 to Fig. 2 (top) emphasizes the discrim-
inating power of the double ratio Rψ/DYpA in p–A collisions
at the LHC. Finally we stress that the prediction for the
double ratio arising from the combined effects of coher-
ent energy loss and shadowing, is roughly given by the
product of the two [8]. It is thus either almost identi-
cal to the prediction assuming coherent energy loss only
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Figure 3: Double ratio Rψ/DYpPb in p–Pb collisions at
√
s =
5.02 TeV for the various nPDF sets and in the coherent energy
loss model.
(when using EPS09 or nCTEQ15) or at most enhanced
by 20%–30% (when using DSSZ).
In summary, we propose to use the Drell-Yan process
and in particular the double ratio Rψ/DYpA to disentan-
gle the two main effects expected to be at work in J/ψ
production (and more generally in hadron production)
in nuclear collisions. Such a measurement, which could
be performed by ALICE and LHCb, would shed light on
the physical origin of the current data, therefore entail-
ing significant consequences for the interpretation of J/ψ
suppression also in Pb–Pb collisions.
This work is funded by “Agence Nationale de la
Recherche” under grant ANR-PARTONPROP.
[1] B. B. Abelev et al. (ALICE), JHEP 1402, 073 (2014),
arXiv:1308.6726 [nucl-ex].
[2] J. Adam et al. (ALICE), JHEP 06, 055 (2015),
arXiv:1503.07179 [nucl-ex].
[3] R. Aaij et al. (LHCb), JHEP 1402, 072 (2014),
arXiv:1308.6729 [nucl-ex].
[4] A. Andronic et al., (2015), arXiv:1506.03981 [nucl-ex].
[5] N. Armesto, J. Phys. G32, R367 (2006),
hep-ph/0604108.
[6] F. Gelis, E. Iancu, J. Jalilian-Marian, and R. Venu-
gopalan, Ann.Rev.Nucl.Part.Sci. 60, 463 (2010),
arXiv:1002.0333 [hep-ph].
[7] F. Arleo, S. Peigne´, and T. Sami, Phys. Rev. D83,
114036 (2011), arXiv:1006.0818 [hep-ph].
[8] F. Arleo and S. Peigne´, JHEP 03, 122 (2013),
arXiv:1212.0434 [hep-ph].
[9] N. Armesto, H. Ma, M. Martinez, Y. Mehtar-Tani,
and C. A. Salgado, Phys. Lett. B717, 280 (2012),
5arXiv:1207.0984 [hep-ph].
[10] F. Arleo, R. Kolevatov, S. Peigne´, and M. Rustamova,
JHEP 1305, 155 (2013), arXiv:1304.0901 [hep-ph].
[11] N. Armesto, H. Ma, M. Martinez, Y. Mehtar-Tani, and
C. A. Salgado, JHEP 12, 052 (2013), arXiv:1308.2186
[hep-ph].
[12] S. Peigne´, F. Arleo, and R. Kolevatov, (2014),
arXiv:1402.1671 [hep-ph].
[13] T. Liou and A. Mueller, Phys. Rev. D89, 074026 (2014),
arXiv:1402.1647 [hep-ph].
[14] S. Peigne´ and R. Kolevatov, JHEP 01, 141 (2015),
arXiv:1405.4241 [hep-ph].
[15] M. J. Leitch et al. (FNAL E866/NuSea), Phys. Rev. Lett.
84, 3256 (2000), arXiv:nucl-ex/9909007.
[16] K. J. Eskola, H. Paukkunen, and C. A. Salgado, JHEP
04, 065 (2009), arXiv:0902.4154 [hep-ph].
[17] D. de Florian, R. Sassot, P. Zurita, and M. Strat-
mann, Phys. Rev. D85, 074028 (2012), arXiv:1112.6324
[hep-ph].
[18] A. Adare et al. (PHENIX), Phys. Rev. Lett. 107, 142301
(2011), arXiv:1010.1246 [nucl-ex].
[19] A. Adare, S. Afanasiev, C. Aidala, N. Ajitanand, Y. Ak-
iba, et al. (PHENIX), (2012), arXiv:1204.0777 [nucl-ex].
[20] J. Albacete, N. Armesto, R. Baier, G. Barnafoldi,
J. Barrette, et al., Int.J.Mod.Phys. E22, 1330007 (2013),
arXiv:1301.3395 [hep-ph].
[21] R. Vogt, Phys. Rev. C92, 034909 (2015),
arXiv:1507.04418 [hep-ph].
[22] E. Ferreiro, F. Fleuret, J. Lansberg, and A. Rako-
tozafindrabe, Phys. Rev. C88, 047901 (2013),
arXiv:1305.4569 [hep-ph].
[23] H. Fujii and K. Watanabe, Nucl. Phys. A915, 1 (2013),
arXiv:1304.2221 [hep-ph].
[24] B. Ducloue´, T. Lappi, and H. Ma¨ntysaari, Phys. Rev.
D91, 114005 (2015), arXiv:1503.02789 [hep-ph].
[25] Y.-Q. Ma, R. Venugopalan, and H.-F. Zhang, Phys. Rev.
D92, 071901 (2015), arXiv:1503.07772 [hep-ph].
[26] M. Hirai, S. Kumano, and T. H. Nagai, Phys. Rev. C76,
065207 (2007), arXiv:0709.3038 [hep-ph].
[27] K. Kovarik et al., (2015), arXiv:1509.00792 [hep-ph].
[28] S. Catani and M. Grazzini, Phys. Rev. Lett. 98, 222002
(2007), arXiv:hep-ph/0703012 [hep-ph].
[29] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and
M. Grazzini, Phys. Rev. Lett. 103, 082001 (2009),
arXiv:0903.2120 [hep-ph].
[30] A. Martin, W. Stirling, R. Thorne, and G. Watt, Eur.
Phys. J. C63, 189 (2009), arXiv:0901.0002 [hep-ph].
[31] LHCb, LHCb-CONF-2012-013 (2012).
[32] K. Golec-Biernat, E. Lewandowska, and A. M.
Stasto, Phys. Rev. D82, 094010 (2010), arXiv:1008.2652
[hep-ph].
[33] M. B. G. Ducati, M. T. Griep, and M. V. T. Machado,
Phys. Rev. D89, 034022 (2014), arXiv:1307.6882
[hep-ph].
[34] F. Arleo, JHEP 09, 015 (2006), hep-ph/0601075.
[35] Although the energy loss model predictions shown in
Fig. 2 (top) do not include shadowing effects, note how-
ever that the transport coefficient is varied in a rather
large interval, qˆ0 = 0.05–0.09 GeV
2/fm, in order to en-
compass the smaller values of qˆ0 extracted at fixed target
energies when attributing part of the J/ψ suppression to
the (small) amount of shadowing expected at those ener-
gies [8].
[36] At large negative rapidity the neutrons present in the lead
nucleus are less effective than protons in producing DY
pairs, since u¯u → γ? dominates over d¯d → γ? (because
of the respective electric charges, e2u/e
2
d = 4). At positive
rapidity, DY production is dominated by sea (anti)quarks
in the nucleus, and isospin effects are negligible. Isospin
effects were discussed previously in the case of photon
production in p–A collisions, see e.g. [34].
